Astrocytes can both sense and shape the evolution of neuronal network activity and are known to possess unique ion regulatory mechanisms. Here we explore the relationship between astrocytic intracellular pH dynamics and the synchronous network activity that occurs during seizure-like activity. By combining confocal and two-photon imaging of genetically encoded pH reporters with simultaneous electrophysiological recordings, we perform pH measurements in defined cell populations and relate these to ongoing network activity. This approach reveals marked differences in the intracellular pH dynamics between hippocampal astrocytes and neighboring pyramidal neurons in rodent in vitro models of epilepsy. With three different genetically encoded pH reporters, astrocytes are observed to alkalinize during epileptiform activity, whereas neurons are observed to acidify. In addition to the direction of pH change, the kinetics of epileptiform-associated intracellular pH transients are found to differ between the two cell types, with astrocytes displaying significantly more rapid changes in pH. The astrocytic alkalinization is shown to be highly correlated with astrocytic membrane potential changes during seizure-like events and mediated by an electrogenic Na ϩ /HCO 3 Ϫ cotransporter. Finally, comparisons across different cell-pair combinations reveal that astrocytic pH dynamics are more closely related to network activity than are neuronal pH dynamics. This work demonstrates that astrocytes exhibit distinct pH dynamics during periods of epileptiform activity, which has relevance to multiple processes including neurometabolic coupling and the control of network excitability.
Introduction
Astrocytes are deeply interwoven into the fabric of neuronal circuits, where they play active roles in modulating the function and computation of networks (Araque et al., 1999) . One of the primary mechanisms that astrocytes contribute to is ion homeostasis, which is essential for chemical and electrical signaling in the brain (Walz, 2000) . In addition, astrocytes are known to continually regulate the delivery of energy substrates to neurons (Pellerin and Magistretti, 1994; Bittner et al., 2011; Choi et al., 2012) . These processes become particularly important during periods of intense neural activity, such as occur in epileptic seizures. Seizure activity represents a significant challenge to ion homeostasis and can result in pronounced changes in intracellular and extracellular ion concentrations, which are also associated with an increase in the tissue's metabolic demands (Dreier and Heinemann, 1991; Howarth et al., 2012; Raimondo et al., 2015) . The central involvement of astrocytes in these processes is highlighted by evidence that altered potassium handling by astrocytes can be proepileptic (Hinterkeuser et al., 2000; Wallraff et al., 2006; Bedner et al., 2015) and that calcium elevations in astrocytes sustain seizure-like activity (Gó mez-Gonzalo et al., 2010) .
Changes in pH, the negative logarithm of H ϩ ion concentration, have also been associated with seizure activity. Neurons for instance, have been shown to experience intracellular acidification (Xiong et al., 2000; Raimondo et al., 2012) , which is likely to feedback into ongoing seizure activity because neuronal excitability, synaptic transmission and the availability of energy substrates are all known to exhibit pH sensitivity (Traynelis and Cull-Candy, 1990; Taira et al., 1993; Ereciń ska et al., 1995) . Meanwhile, although astrocytic pH dynamics during seizure activity have received less attention, it is well established that pH regulation mechanisms differ in glial cells. In response to sustained membrane depolarization for example, astrocytes exhibit intracellular alkalinization as opposed to acidification (Ahmed and Connor, 1980; Boyarsky et al., 1988a; Chesler and Kraig, 1989; Deitmer and Szatkowski, 1990) . This is consistent with evidence that astrocytes exhibit distinct pH regulatory mechanisms compared with neurons, including electrogenic transport mechanisms that provide a direct link between membrane depolarization and bicarbonate/proton fluxes, particularly via the action of the electrogenic sodium-bicarbonate cotransporter NBCe1 (Boyarsky et al., 1993; Brookes and Turner, 1994; Pappas and Ransom, 1994; Bevensee et al., 1997; Ruminot et al., 2011; Theparambil et al., 2014) .
A prediction therefore is that astrocytes experience alkaline shifts during epileptiform activity and that the kinetics of the pH dynamics in astrocytes may be different to those in neurons. Previous work has used ion-sensitive electrodes and dyes to monitor pH dynamics in astrocytes (Chesler and Kraig, 1989; Theparambil et al., 2014) . The recent development of genetically encoded reporters now provides a series of different pH-sensitive proteins that can be delivered to cell types within intact brain preparations. These tools make it possible to monitor pH in distinct cell types, either by using molecular, morphological, and/or functional features to classify individual cells at the time of recording (Benediktsson et al., 2005; Bizzarri et al., 2009) . In this study, we combine genetically encoded pH reporters with simultaneous whole-cell patch-clamp recordings to observe cell-type-specific pH responses during seizure-like events (SLEs) in vitro. By measuring pH dynamics in astrocytes across different models of epilepsy, we demonstrate that astrocytes exhibit pronounced intracellular alkaline pH shifts during epileptiform activity. Furthermore, we show that the kinetics of the pH dynamics differ significantly across cell types and that astrocytic pH changes are actually more tightly coupled to the network activity than are the pH changes in neurons.
Materials and Methods
Slice preparation and DNA transfection. Rat organotypic hippocampal slice cultures were prepared using a method similar to that described by Stoppini et al. (1991) . Briefly, 7-d-old male Wistar rats were killed in accordance with the UK Animals Scientific Procedures Act 1986. The brains were extracted and placed in cold (4°C) Geys balanced salt solution (GBSS), supplemented with D-glucose (34.7 mM). All reagents were purchased from Sigma-Aldrich, unless stated otherwise. The hemispheres were separated and individual hippocampi were removed and immediately sectioned into 350-m-thick slices on a McIlwain tissue chopper. Slices were rinsed in cold dissection medium, placed onto Millicell-CM membranes and maintained in culture medium containing 25% EBSS, 50% MEM, 25% heat-inactivated horse serum, glucose, and B27 (Invitrogen). Slices were incubated at 36°C in a 5% CO 2 humidified incubator before transfection. Neurons were biolistically transfected after 4 -7 d in vitro using a Helios Gene Gun (120 psi; Bio-Rad). The target DNA was either E 2 GFP as part of pcDNA3-ClopHensor (generously provided by Daniele Arosio, University of Trento, Trento, Italy; Addgene, plasmid 25938) or ClopHensorN (Raimondo et al., 2013 ; Addgene, plasmid 50758), deGFP4 in pEGFP-N1 (generously provided by Jim Remington, University of Oregon, Eugene, OR), or Cl-sensor in pEGFP-C1 (generously provided by Piotr Bregestovski, INMED, Marseille, France). Fifty micrograms of target DNA was precipitated onto 25 mg of 1.6 m diameter gold microcarriers and bullets generated in accordance with the manufacturer's instructions (Bio-Rad). This resulted in sparse transfection rates (typically Ͻ10 cells per slice) and recordings were performed 2-7 d post-transfection. At the time of recording therefore, transfected cells were comparable to postnatal days 13-21.
Electrophysiological recordings and activity-dependent manipulations. Organotypic hippocampal slices were transferred to a recording chamber and continuously superfused with 95% O 2 /5% CO 2 oxygenated ACSF, warmed to 32-35°C. The composition of the "standard" ACSF was as follows (in mM): 120 NaCl, 3 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.2 NaH 2 PO 4 , 23 NaHCO 3 , and 11 D-glucose. The pH was adjusted to be between 7.35 and 7.40 using NaOH. SLEs occurred following the exchange of normal ACSF to nominally Mg 2ϩ -free ACSF (Anderson et al., 1986 ; Mg 2ϩ omitted from standard ACSF) or nominally Cl Ϫ -free ACSF (Yamamoto and Kawai, 1967 ; NaCl, MgCl 2 , and CaCl 2 of standard ACSF replaced with 120 mM sodium D-gluconate, 1 mM MgSO 4 and 3 mM calcium D-gluconate, respectively). In some experiments, HCO 3 Ϫ was removed from the Cl Ϫ -free ACSF by substituting NaHCO 3 with an equimolar concentration of HEPES, and oxygenating with 100% O 2 . As it is difficult to completely remove HCO 3 Ϫ , due to the fact that CO 2 is continuously generated and rapidly converted to HCO 3 Ϫ by carbonic anhydrases, we refer to this as a low HCO 3 Ϫ ACSF. Brain slices were maintained in the relevant SLEinducing ACSF (ie, 0 Mg 2ϩ or 0 Cl Ϫ ) before pH imaging began. Patch pipettes of 3-5 M⍀ tip resistance were pulled from filamental borosilicate glass capillaries (1.2 mm outer diameter, 0.69 mm inner diameter; Harvard Apparatus), using a horizontal puller (Sutter P-97 or P-1000). For whole-cell recordings, pipettes were filled with an internal solution containing the following (in mM):126 K-gluconate, 4 Na 2 ATP, 0.3 NaGTP, 10 Na 2 -phosphocreatine, 4 KCl, and 10 HEPES. The osmolarity of internal solutions was adjusted to 290 mOsM and the pH was adjusted to 7.38 with KOH. Pyramidal neurons or astrocytes within the CA1 and CA3 regions were visualized under 40ϫ or 60ϫ water-immersion objectives (Leica or Olympus) and targeted for recording. Patch-clamp recordings were made using Axopatch 1D, Axopatch 200B, or Axoclamp 2B amplifiers (Molecular Devices). Data were acquired with WinWCP Strathclyde Whole Cell Analysis software (v3.9.7; University of Strathclyde) or PulseQ running on IGOR (Funetics), before being exported to the MATLAB environment (MathWorks) for further analysis using customized scripts.
Imaging and calibrating intracellular pH measurements. Concurrent with electrophysiological recordings, the intracellular pH of a transfected CA1/CA3 pyramidal neuron and/or astrocyte was measured using the following imaging techniques. For E 2 GFP-expressing cells, imaging was performed using an upright Leica SP2 AOBS laser scanning confocal microscope equipped with a 40ϫ water-immersion objective (NA 0.8).
Sequential excitation of E 2 GFP at 458 and 488 nm was achieved with a multiline argon laser. Emitted fluorescence was detected between 500 and 550 nm using a single photomultiplier tube (PMT) at a constant voltage. To compensate for fluctuations in laser intensity, a custom built laser power sensor (sample rate 10 kHz) was used to record laser power output during imaging (Zucker and Price, 2001; Arosio et al., 2010) and the resulting data were used to correct fluorescence ratios offline. For deGFP4 and Cl-sensor-expressing neurons, imaging was performed using an Olympus FV300 confocal microscope (Olympus), customconverted for two-photon imaging and equipped with a MaiTai-HP Ti: sapphire femtosecond pulsed laser (Newport Spectra-Physics). Images were acquired on a PC using Fluoview software (v5.0, Olympus). The two-photon system was mounted on an Olympus BX51 upright microscope equipped with a 40ϫ water-immersion objective (NA 0.80). Fluorescence was detected using two externally mounted PMTs (R3896, Hamamatsu). An excitation wavelength of 810 or 850 nm was used for deGFP4 or Cl-sensor, respectively. Emitted fluorescence from deGFP4 was separated using a dichroic mirror at 495 nm and filtered for detection by the two PMTs at 450 -490 nm and 500 -550 nm. Emitted fluorescence from Cl-sensor was separated using a dichroic mirror at 510 nm before being filtered for detection at 460 -500 nm and 520 -550 nm. Images were exported to the MATLAB environment where background was subtracted and fluorescence measurements were made from regions of interest selected over the soma of individual cells. Excitation or emission fluorescence ratios (R pH ) were converted to pH according to calibration curves collected for each construct.
For the calibration, intracellular pH was controlled by equilibrating extra-and intracellular ion concentrations using the K (Boyarsky et al., 1988a) . pH was adjusted with small aliquots of NaOH and, to avoid CO 2 -dependent pH buffering, ACSF was bubbled with 100% O 2 . For each indicator, either an excitation (E 2 GFP) or emission (deGFP4, Cl-sensor) fluorescence ratio ( R) was measured at different intracellular pHs:
Where S N and S D were the numerator and denominator of the calculated fluorescence ratio, respectively. The formation of a 1:1 analyte-sensor complex results in an equilibrium described by the Grynkiewicz equation (Grynkiewicz et al., 1985; Arosio et al., 2010) , which can be written as follows:
R A and R B are the values of R for the ratiometric indicator in its most acidic and basic forms, respectively. Likewise, S D,A and S D,B reflect S D in its acidic and basic form. pK a is the acid dissociation constant of the indicator. Calibration data were fitted using the following rearranged version of the above equation:
This allowed the pK a of each construct to be determined and intracellular pH to be calculated from measured fluorescence ratios ( R) during subsequent experiments. Calibration curves were constructed from fluorescence measurements that were averaged over a population of "pHclamped" cells. As with other ratiometric reporters, this means that there is an inherent variance when pH values are assigned to individual cells, but that relative changes in pH (ie, within-cell changes) are not affected by this source of variance. Some of the data generated for the calibration of the genetic reporters was used in a previous study (Raimondo et al., 2012) . For pH imaging, astrocytes were identified by their morphology and location (within stratum radiatum). Two broad morphological groups were observed, the first included cells with small somata and multiple fine processes (protoplasmic astrocytes). The second group included multipolar cells with irregularly shaped, elongated somata, with more than two large processes emanating in different directions (fibrous astrocytes). These two groups are consistent with a detailed description of the morphologies observed for GFAP-positive astrocytes in the hippocampus (Benediktsson et al., 2005) . To further confirm the accuracy of the identification of astrocytes using morphological criteria, a subset of our cells were targeted for whole-cell patch recording. In all cases (n ϭ 9 of 9 cells), a low resting membrane potential (Ϫ75 Ϯ 8.6 mV), low membrane resistance (32.5 Ϯ 1.9 M⍀) and the inability to fire action potentials was confirmed, consistent with previous data (O 'Connor et al., 1994; McKhann et al., 1997) . These electrophysiological properties were consistent with our morphological classification of the cells as astrocytes.
Data analysis and statistics. All data are presented as means Ϯ SEM. Statistical tests were either performed using the Statistics toolbox in MATLAB or GraphPad Prism v5.0 (GraphPad Software; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.0001). Data were tested for normality using a Kolmogorov-Smirnov test and the appropriate statistical tests were applied. To assess the degree of correlation between current-clamp recordings and pH imaging traces, the membrane potential recordings were resampled to match the sampling rate of the pH imaging.
Results

Astrocytes experience rapid intracellular alkalinization during SLEs
To compare pH dynamics in astrocytes and neurons during epileptiform network activity we delivered the genetically encoded pH sensor, E 2 GFP, to the different cell types within the same hippocampal slice (Fig. 1a,b) . Using biolistic transfection methods we were able to sparsely transfect cells within organotypic hippocampal slice cultures. This meant that E 2 GFP-exressing CA1/CA3 pyramidal neurons and astrocytes could be easily distinguished by their distinctive morphology and location (Benediktsson et al., 2005 ; see Materials and Methods). To confirm the accuracy of the identification of astrocytes from morphological criteria, a subset of cells were also targeted for whole-cell patch-clamp recordings and characterized electrophysiologically. In all cases (n ϭ 9 of 9 cells), a low resting membrane potential (Ϫ75 Ϯ 8.6 mV), low membrane resistance (32.5 Ϯ 1.9 M⍀) and inability to fire action potentials was confirmed ( Fig. 1c) . Concurrent with pH imaging, SLEs elicited by Mg 2ϩ free ACSF were monitored via whole-cell patch-clamp recordings from CA1/CA3 pyramidal neurons. These electrophysiological measurements were made from a nearby pyramidal neuron (somata within 200 m) so as to avoid disrupting pH regulatory mechanisms in the imaged cell (Fig. 1a,b) . Interestingly, the pH i before the onset of SLEs was found to be significantly different between neurons and astrocytes. The pre-SLE pH i in neurons was relatively more alkaline at 7.69 Ϯ 0.30 (n ϭ 23), whereas the pre-SLE pH i was relatively more acidic in astrocytes at 7.28 Ϯ 0.32 (n ϭ 22; p Ͻ 0.0001, t test; Fig. 1d ). The two cell types also differed substantially in their pH dynamics during epileptiform activity. SLEs resulted in a highly significant intracellular acidic shift in neurons ( p Ͻ 0.0001, t test, n ϭ 101 events from 23 neurons; Fig. 1a ). In stark contrast to neurons, astrocytes exhibited strong and rapid intracellular alkalinization during periods of epileptiform activity ( p Ͻ 0.0001, t test, n ϭ 112 events from 24 astrocytes; Fig. 1b,c,e) . Even short synchronous network events caused detectable shifts in intracellular pH (Fig. 1a,b,e) . For instance, events lasting 1-3 s caused a peak decrease of 0.016 Ϯ 0.01 pH units in neurons ( p ϭ 0.0002, t test) and a peak increase of 0.047 Ϯ 0.04 pH units in astrocytes ( p ϭ 0.0012, t test). Furthermore, the magnitude of intracellular pH changes was well correlated with the length of the recorded SLE (r ϭ Ϫ0.67 for neurons and r ϭ 0.58 for astrocytes, p Ͻ 0.0001, Pear- Schematic (left) showing the experimental setup in which a hippocampal pyramidal neuron expressing a genetically encoded pH reporter was imaged, while a simultaneous patch-clamp recording was performed from a neighboring neuron. Dynamic intracellular pH measurements from a representative CA3 pyramidal neuron expressing E 2 GFP (right, blue trace) and current-clamp recording from a neighboring pyramidal neuron (black trace; somata Ͻ200 m apart), which provided a readout of the epileptiform activity in Mg 2ϩ -free ACSF. Acidic intracellular pH shifts were closely associated with SLEs (onset indicated by vertical dashed lines). B, Schematic (left) showing a similar setup as in A for the measurement of pH dynamics in hippocampal astrocytes during SLEs. Intracellular pH measurements made from a representative astrocyte expressing E 2 GFP (right, red trace, same astrocyte as in C) and current-clamp recording from a neighboring pyramidal neuron (black trace), which provided a readout of the epileptiform activity in Mg 2ϩ -free ACSF. Individual SLEs of different durations are closely associated with rapid intracellular alkaline transients in the astrocyte. C, Confocal image (top) of an astrocyte expressing E 2 GFP. After performing pH imaging (shown in B), this astrocyte was targeted for whole-cell patch-clamp recording and confirmed to exhibit a low membrane resistance (Rm ϭ 20.5 M⍀) and lack voltage-gated conductances in response to current injection (inset). Confocal image (bottom) of a neuron expressing E 2 GFP, which exhibited action potentials in response to current injection (inset). D, Population data demonstrating a significant difference in pre-SLE intracellular pH between hippocampal neurons and astrocytes. ***p Ͻ 0.0001, t test. E, Population data showing the peak shift in intracellular pH as a function of the duration of the epileptiform activity (data from 23 neurons, blue, and 24 astrocytes, red). For neurons, the peak change in pH was negatively correlated with the duration of the SLE (r ϭ Ϫ0.6719, p Ͻ 0.0001, Pearson correlation). For astrocytes, the peak pH shift was positively correlated with the length of the SLE (r ϭ 0.5766, p Ͻ 0.0001, Pearson correlation).
son Correlation; Fig. 1e ). The slope of the linear fit for peak change in intracellular pH in neurons revealed a decrease of 0.007 pH units per second of epileptiform activity. For astrocytes, the peak change in intracellular pH as a function of SLE duration was best fit by a single phase exponential with a plateau of 0.18 pH units and a time constant 14.7 s (Fig. 1e) .
Different genetically encoded pH sensors confirm astrocytic alkalinization during different models of epileptic seizures
To confirm our observation of epileptiform activity-induced alkaline transients in astrocytes, we used three different genetically encoded pH-sensitive probes and two separate in vitro models of epileptic seizures (Figs. 2, 3) . The reporters E 2 GFP, deGFP4 and Cl-sensor were calibrated by systematically varying extracellular pH in the presence of a proton-permeable ionophore to achieve known intracellular pH values (see Materials and Methods). E 2 GFP was used as a ratiometric pH indicator by excitation, whereas deGFP4 and Cl-sensor were used as ratiometric pH indicators by emission (see Materials and Methods). The fluorescence ratios were shown to depend on intracellular pH with a pKa of 7.6 for E 2 GFP, 7.4 for deGFP4 and 7.7 for Cl-sensor (Fig.  2a-c) . Both E 2 GFP and deGFP4 demonstrated reliable astrocytic alkaline transients in response to 0 Mg 2ϩ -induced SLEs (Figs. 1b,  2d ). In addition, epileptiform activity could also be elicited by removing Cl Ϫ from the ACSF, which has been established as a model of epileptic seizures (Yamamoto, 1972 , 2012) . Intracellular pH measurements made using both E 2 GFP and Cl-sensor in nominally Cl Ϫ free ACSF also revealed alkalinization in response to SLEs (Fig. 2e,f ) .
At a population level, when we compared peak changes in intracellular pH during SLEs (20 -40 s in duration), we observed a highly significant difference between neurons and astrocytes for each pH reporter or seizure model ( Fig. 3a-d) . These experiments confirm that genetically encoded pH reporters are able to detect robust intracellular acidification of hippocampal neurons and intracellular alkalinization of hippocampal astrocytes during epileptiform activity.
Epileptiform activity-induced alkaline transients in astrocytes are mediated by depolarization and the sodium-bicarbonate cotransporter NBCe1 Given the presence of markedly different activity-dependent pH dynamics in astrocytes compared with neurons, we sought to explore in further detail how SLEs relate to the observed pH transients in astrocytes. First, we performed dual whole-cell current-clamp recordings to confirm that 0 Mg 2ϩ ACSF elicits SLEs that constitute synchronous, highly correlated periods of activity between principal hippocampal neurons. Consistent with previous findings (Ellender et al., 2014) , we observed a high mean linear correlation in the membrane potential of pairs of and Cl-sensor (C) revealed a pKa of 7.5 and 7.7 for these genetically encoded pH sensors, respectively. D, An astrocyte expressing the pH sensor DeGFP4 was imaged for pH (red trace), while 0 Mg 2ϩ induced epileptiform activity was monitored via a simultaneous current-clamp recording from a nearby pyramidal neuron (black trace). Epileptiform activity was associated with a pronounced increase in the astrocyte's pH. E, pH imaging from an astrocyte expressing the pH sensor E 2 GFP revealed intracellular alkalinization (red trace) during periods of epileptiform activity induced with 0 Cl Ϫ ACSF (black trace). F, pH imaging from an astrocyte expressing the pH-sensitive Cl-sensor also reveals intracellular alkalinization (red trace) during periods of epileptiform activity induced with 0 Cl Ϫ ACSF (black trace).
pyramidal neurons during SLEs (r ϭ 0.91 Ϯ 0.01, n ϭ 20 SLEs from seven pairs of neurons, Pearson correlation; Fig. 4a,c) . Next, we examined how the membrane potential of astrocytes relates to the epileptiform network activity. To do this we performed simultaneous current-clamp recordings from a pyramidal neuron and a nearby astrocyte (somata within 200 m). The identity of the astrocyte was again confirmed by their hyperpolarized resting membrane potential (Ϫ77.4 Ϯ 1.5 mV), low-input resistance (80.9 Ϯ 42.7 M⍀) and lack of voltage-gated conductances, consistent with previous reports (O 'Connor et al., 1994; McKhann et al., 1997) . In comparison, recorded neurons were able to generate action potentials and had a resting membrane potential of Ϫ60.3 Ϯ 2.1 mV and an input resistance of 201.7 Ϯ 39.8 M⍀.
During epileptiform activity we observed that although the range of membrane potential values was narrower for the astrocyte, the seizure-associated membrane depolarizations occurred synchronously in astrocytes and pyramidal neurons (Fig. 4b) . As a result, the astrocytic membrane potential was also observed to be highly correlated with the pyramidal neuron membrane potential during SLEs (r ϭ 0.80 Ϯ 0.02, n ϭ 14 SLEs from 9 pairs of cells, Pearson correlation; Fig. 4c ). These epileptiform-induced depolarizations of the astrocyte membrane potential would be predicted to generate alkalinization via the electrogenic sodium-bicarbonate cotransporter NBCe1, and could therefore account for the alkaline shifts observed with our pH reporters (Bevensee et al., 1997; Majumdar and Bevensee, 2010) . To test this, we examined whether astrocytic alkalinization during SLEs was sensitive to S0859, an N-cyanosulphonamide inhibitor of sodium-bicarbonate cotransport (Ch'en et al., 2008; Ruminot et al., 2011) . Bath application of 50 M S0859 did not affect the intracellular pH of astrocytes measured before SLE onset. The pre-SLE pH was 7.29 Ϯ 0.034 in control astrocytes and the pre-SLE was 7.30 Ϯ 0.04 in S0859-treated astrocytes ( p ϭ 0.79, t test). However, S0859 markedly reduced SLE-associated alkaline transients in astrocytes (Fig.  4d,e) . In S0859-treated astrocytes, 0 Mg 2ϩ -induced SLEs resulted in an alkaline transient of just 0.02 Ϯ 0.01 pH units, which was significantly smaller than the alkaline transient observed in control astrocytes of 0.13 Ϯ 0.01 pH units ( p Ͻ 0.0001, t test). Interestingly, S0859 was associated with a reduction in SLE duration (Fig. 4f ) , but the effect of S0859 on astrocytic alkalinization was still evident when we accounted for SLE duration. When SLEs of matched duration were compared (ie, SLEs of Ͻ35 s duration), S0859 significantly reduced astrocytic alkalinization from 0.11 Ϯ 0.01 pH units under control conditions, to 0.02 Ϯ 0.01 pH units in the presence of S0859 ( p Ͻ 0.0001, t test; Fig. 4g ). Similarly, S0859 significantly reduced astrocytic alkalinization for 0 Cl Ϫ -induced SLEs from 0.13 Ϯ 0.01 pH units under control conditions, to 0.05 Ϯ 0.03 pH units in the presence of S0859 ( p Ͻ 0.01, t test; Fig. 4g ). Finally, consistent with a bicarbonate-dependent process, the use of a low HCO 3 Ϫ ACSF also significantly reduced astrocytic alkalinization during SLEs from 0.13 Ϯ 0.01 pH units in control ACSF, to 0.08 Ϯ 0.02 pH units in reduced HCO 3 Ϫ ACSF ( p Ͻ 0.05, t test; Fig. 4g ). Together, these data support the conclusion that sodium-bicarbonate cotransport plays a central role in the generation of epileptiform activity-induced alkalinization in hippocampal astrocytes.
The kinetics of pH transients in astrocytes and neurons differ during epileptiform activity
Having established that astrocytes and neurons exhibit opposing pH changes during epileptiform activity, we were keen to examine whether the dynamics of these pH changes were comparable between the two cells types. To do this we performed simultaneous or sequential pH-imaging from neurons and astrocytes within the same hippocampal brain slice. In addition, we analyzed individually recorded intracellular pH dynamics from both cell types at a population level (Fig. 5) . Simultaneous pH readout from these two cell types during the same SLEs was attained by rapid imaging of an astrocyte and the apical dendrite of a nearby pyramidal neuron (Fig. 5a,b) . The examples in Figure 5c and Figure 5d depict sequential imaging of intracellular pH dynamics in both cell types in response to similar SLEs within the same hippocampal slice preparation. During epileptiform activity astrocytes were observed to alkalinize, while the neurons acidified ( Fig. 5b-d) . This was true for SLEs generated in 0 Mg 2ϩ (Fig. 5c ) or 0 Cl Ϫ (Fig. 5d) . Importantly, these recordings allowed us to observe differences in the intracellular pH kinetics between the two cell types. Astrocytes were observed to reach their peak pH change significantly more quickly than neurons (Fig. 5b-d) . During 0 Mg 2ϩ SLEs, the peak pH shifts in astrocytes occurred at 71.3 Ϯ 5.2% of SLE duration (n ϭ 25), as compared with 134.5 Ϯ 7.7% of SLE duration in neurons (n ϭ 30; Fig. 5e ; p Ͻ 0.0001, t test). This difference was similar in 0 Cl Ϫ events where astrocytic pH had shifted maximally by 62.4 Ϯ 2.7% (n ϭ 63) of SLE duration, compared with 111.4 Ϯ 3.2% of SLE duration (n ϭ 85) in neurons ( Fig. 5e; p Ͻ 0.0001, t test) . In summary, whereas astrocytes reach maximal alkalinity approximately halfway during the SLE, neurons continue to experience increases in pH and reach their most acidic values at, or shortly after, the cessation of the SLE.
The kinetics of pH recovery following SLEs was also found to be more rapid in astrocytes (Fig. 5b-d) . Astrocytes returned to baseline shortly after the end of a SLE (138.8 Ϯ 7.5% of SLE duration in 0 Mg 2ϩ , n ϭ 25; and 136.1 Ϯ 4.0% of SLE duration in 0 Cl Ϫ , n ϭ 62). In contrast, the intracellular pH of neurons took markedly longer to recover (369.0 Ϯ 23.0% of SLE duration in 0 Mg 2ϩ , n ϭ 21; and 311.5 Ϯ 14.1% of SLE duration in 0 Cl Ϫ , n ϭ 39). This difference was highly statistically significant for both of The kinetics of pH transients differ between astrocytes and neurons during epileptiform activity. A, A confocal image of a CA3 pyramidal neuron and neighboring astrocyte both expressing E 2 GFP. The expanded region shows a magnified view of the astrocyte and adjacent apical dendrite of the pyramidal neuron. Dashed boxes indicate regions of interest used for pH measurements. B, Current-clamp recording of a nearby neuron (somata Ͻ200 m apart) provides a readout of 0 Mg 2ϩ -induced epileptiform activity (black trace). Simultaneous pH imaging from the regions of interest indicated by the dashed lines in A. The astrocyte (red) exhibited a transient increase in pH that was closely aligned with the SLE (gray bar), while the neuron (blue) exhibited a more prolonged decrease in pH. The arrowheads indicate the point of maximal pH shift (filled arrowheads) and the point at which pH recovered to baseline (empty arrowheads). C, Representative changes in intracellular pH during 0 Mg 2ϩ -induced epileptiform activity in an astrocyte (red traces) and a CA3 pyramidal neuron (blue traces) within the same hippocampal slice. The astrocyte exhibited a more rapid alkalinization, which peaked and then recovered more quickly than the more sustained acidification of the neuron. D, Similar differences in the kinetics of cell-specific pH shifts were observed when epileptiform activity was induced with 0 Cl Ϫ ACSF. E, Population data show that astrocytes reached their peak pH shift significantly faster than neurons in both 0 Mg 2ϩ and 0Cl Ϫ -induced epileptiform activity. F, The time for pH to recover to baseline was also significantly faster in astrocytes than neurons in both 0 Mg 2ϩ and0Cl Ϫ -induced epileptiform activity. ***p Ͻ 0.0001, t test. the seizure models ( p Ͻ 0.0001, t test; Fig. 5e ). Together, these data demonstrate that the kinetics of SLE-associated intracellular pH transients are very different between astrocytes and pyramidal neurons: epileptiform pH kinetics are faster in astrocytes and slower in neurons.
Activity-dependent astrocytic pH dynamics are most tightly coupled to epileptiform activity These data suggest that pH dynamics in astrocytes are more closely aligned with epileptiform network activity than are pH dynamics in neurons. To address this directly we performed simultaneous electrophysiological recordings and intracellular pH measurements from different combinations of cell types (Fig. 6) . This enabled us to quantify the correlation between the pH and the membrane potential of different cell types during epileptiform activity (Fig. 7a) . Consistent with our observation that astrocytic alkalinization is mediated by the electrogenic cotransporter NBCe1 (Fig. 4) , we observed a very high correlation between astrocytic pH and astrocytic membrane potential (r ϭ 0.71 Ϯ 0.02, n ϭ 28; Figs. 6a, 7a ). In fact, we observed that the correlation between astrocytic pH and neuronal membrane potential (r ϭ 0.43 Ϯ 0.04, n ϭ 40) was significantly greater than the correlation between neuronal ϪpH and neuronal membrane potential (r ϭ 0.15 Ϯ 0.05, n ϭ 44; p Ͻ 0.0001, t test; Figs. 6b, c, 7a) .
This indicates that astrocytic pH is more tightly coupled to epileptiform activity, although it remained a possibility that neuronal ϪpH was actually more highly correlated, but was offset in time with respect to network activity. To test this, we calculated the cross-correlation between the different signals by shifting the pH recording in time, relative to the membrane potential recording (Fig. 7b) . Consistent with the pH changes occurring in response to network activity, the maximum cross-correlations were observed when pH measurements were shifted with a negative lag. Again, we found that the maximum cross-correlation coefficient was the highest between astrocytic pH and astrocytic membrane potential (r ϭ 0.77 Ϯ 0.02, n ϭ 28; Fig. 7c) . Furthermore, the maximum crosscorrelation between astrocyte pH and neuronal membrane potential (r ϭ 0.68 Ϯ 0.02, n ϭ 40; Fig. 7c ) was significantly greater than the maximum cross-correlation between neuronal ϪpH and neuronal membrane potential (r ϭ 0.45 Ϯ 0.04, n ϭ 44; p Ͻ 0.0001, t test; Fig.  7c ). Together, these data show that the pH changes in astrocytes are more tightly coupled to the epileptiform network dynamics, than are pH changes in neurons.
Discussion
Here we have used genetically encoded pH indicators in conjunction with confocal and two-photon microscopy to measure intracellular pH dynamics during epileptiform activity in rat organotypic hippocampal slice cultures. This approach has enabled us to confirm that cell-specific differences in pH regulatory mechanisms result in marked differences in intracellular pH dynamics between hippocampal astrocytes and hippocampal pyramidal neurons. In two in vitro models of seizure activity, and with three different genetically encoded pH reporters, astrocytes were observed to alkalinize during SLEs, while neurons were observed to acidify. In addition to the direction of pH change, the kinetics of epileptiform-associated intracellular pH transients were found to differ between the two cell types, with astrocytes displaying significantly more rapid changes in pH. The astrocytic alkalinization during epileptiform activity was shown to be mediated by an electrogenic Na ϩ /HCO 3 Ϫ cotransporter and the kinetics of intracellular pH changes meant that the astrocytic pH tracked ongoing network activity more closely than the neuronal pH.
Our use of genetic reporters to measure intracellular pH compliments earlier studies using ion-sensitive pH electrodes and pH-sensitive dyes, which have provided important information regarding pH regulation in the nervous system (Ahmed and Connor, 1980; Boyarsky et al., 1988b Boyarsky et al., , 1993 Chesler and Kraig, 1989; Deitmer and Szatkowski, 1990; Pappas and Ransom, 1994; Rose and Deitmer, 1995) . Genetic reporters of pH offer potential advantages including the opportunity to be targeted to specific cell populations, sparse labeling that can facilitate the visualization of cell morphologies and stable imaging over extended time periods. Simultaneous recordings from different cell-pair combinations reveal that astrocytic pH dynamics closely reflect both astrocytic and neuronal membrane potential dynamics. A, Paired pH imaging (green trace) and whole-cell patch-clamp recording (black trace) from a pair of astrocytes in stratum radiatum of CA3 revealed a close correlation between changes in astrocytic pH and changes in astrocytic membrane potential during epileptiform activity (r ϭ 0.72, Pearson correlation). B, A similar experiment on an astrocyte-neuron pair also revealed a high degree of correlation between changes in astrocytic pH and neuronal membrane potential (r ϭ 0.49, Pearson correlation). C, In contrast, a similar experiment on a neuron-neuron pair revealed a much lower correlation between the change in neuronal pH and the change in neuronal membrane potential (r ϭ 0.17, Pearson correlation).
Our quantification of cell-specific differences in the direction and kinetics of activity-associated pH dynamics were strengthened by the fact that we observed comparable results with three different genetically encoded pH reporters (E 2 GFP, DeGFP4 and Cl-sensor). Each of these reporters was able to detect pH shifts accompanying short network events on the order of 1-3 s and all three reporters revealed differences in the pH responses of astrocytes and neurons over this timescale. Consistent with previous work (Raimondo et al., 2012) , we found that E 2 GFP provided the best signal-to-noise characteristics, although the optimal use of this reporter required correction for potential fluctuations in laser output (see Materials and Methods). DeGFP4 may offer greater utility for imaging in thick tissue, as it can be used with two-photon excitation. Meanwhile, our use of Clsensor proved an excellent pH reporter within the context of a 0 Cl Ϫ model of epilepsy, but this reporter's dual sensitivity to Cl Ϫ and pH means that it is likely to have limited use beyond this particular seizure model.
Our use of organotypic hippocampal slice cultures allowed us to transfect low numbers of cells with genetically encoded reporters and afforded good optical access for pH imaging from morphologically identifiable cell types. Although many aspects of organotypic hippocampal slice cultures have been shown to resemble the in vivo state (De Simoni et al., 2003) , excitatory neurons in this experimental system are known to exhibit increased axonal sprouting, which is likely to facilitate epileptiform activity (Dyhrfjeld-Johnsen et al., 2010) . The use of organotypic slices also meant that the astrocyte population consisted of both protoplasmic astrocytes and reactive astrocytes, which is likely to be related to the trauma associated with the slicing procedure (Benediktsson et al., 2005) . Importantly, we observed intracellular alkalinization in all astrocytic morphologies during SLEs, suggesting that the alkalinization is a general feature of astrocytes. Future work could consider using morphological criteria to subclassify astrocytes and explore whether there are more subtle differences in pH dynamics.
Previous work has shown that membrane depolarization or electrical stimulation results in the intracellular acidification of neurons (Ahmed and Connor, 1980; Trapp et al., 1996; Zhan et al., 1998) . The underlying mechanisms for this acidification are thought to include the action of Ca 2ϩ /H ϩ ATPases located in the plasma membrane and endoplasmic reticulum (Schwiening et al., 1993; Makani and Chesler, 2010) , the production of metabolic acids (Wang et al., 1994) , and HCO 3 Ϫ efflux via activated GABA A Rs (Pasternack et al., 1993; Trapp et al., 1996) . Meanwhile, previous research has shown that membrane depolarization in astrocytes results in intracellular alkalinization (Boyarsky et al., 1988b (Boyarsky et al., , 1993 Chesler and Kraig, 1989) via the action of the electrogenic Na ϩ coupled HCO 3 Ϫ transporter (NBCe1; Boyarsky et al., 1993; Brookes and Turner, 1994; Bevensee et al., 1997 ). Here we have extended these observations by confirming the prediction that astrocytes exhibit opposing pH shifts to neurons during epileptiform activity. We demonstrate that electrogenic Na ϩ /HCO 3 Ϫ cotransport likely underlies SLE-associated astrocytic alkalinization, which is consistent with our observation that astrocytic alkalinization correlates closely with astrocytic membrane potential changes. This is consistent with evidence that Figure 7 . Astrocytic pH dynamics are more strongly coupled to network activity than neuronal pH dynamics. A, The absolute correlation between astrocytic pH and astrocytic membrane potential was highest (r ϭ 0.71 Ϯ 0.02), followed by the correlation between astrocytic pH and neuronal membrane potential (r ϭ 0.43 Ϯ 0.04), and the weakest correlation was observed between neuronal ϪpH and neuronal membrane potential (r ϭ 0.15 Ϯ 0.05). B, Crosscorrelation analysis demonstrated that the maximum correlation between traces was observed when pH measurements were shifted with a negative lag, consistent with pH changes occurring in response to network activity. Shaded regions depict SEM. C, The highest cross-correlation values (calculated after shifting pH relative to membrane potential, as in B) were observed 4 between astrocytic pH and astrocytic membrane potential (r ϭ 0.77 Ϯ 0.02). The next highest cross-correlation values were observed between astrocytic pH and neuronal membrane potential (r ϭ 0.68 Ϯ 0.02). These correlation values were both significantly greater than the crosscorrelation values observed between neuronal ϪpH and neuronal membrane potential (r ϭ 0.45 Ϯ 0.04). *p Ͻ 0.05, ***p Ͻ 0.0001, t test.
NBCe1 is more highly expressed in astrocytes than neurons (Giffard et al., 2000; Schmitt et al., 2000; Theparambil et al., 2014) , including recent work showing that RNA for SLC4a4 (the gene encoding NBCe1) is Ͼ20 times more highly transcribed in astrocytes (Zhang et al., 2014) . Nevertheless, we cannot exclude the possibility that, in addition to the Na ϩ /HCO 3 Ϫ cotransporter, other mechanisms contribute to the intracellular pH dynamics in astrocytes during seizures.
A key point from our study is that during epileptiform activity, astrocytic pH remains tightly coupled to cellular activity (both astrocytic and neuronal) at the population level. Indeed, astrocytic pH dynamics are more closely related to network activity than are neuronal pH dynamics. This tight coupling could enable astrocytes to rapidly respond to the ionic and metabolic demands of the network. For example, the coupling of astrocytic alkalinization to epileptiform activity would be predicted to enhance gap junction coupling between astrocytes (Spray et al., 1981) , which in turn would improve the spatial buffering of extracellular K ϩ that accumulates during seizures (Dreier and Heinemann, 1991; Wallraff et al., 2006) . With regards to neurometabolic coupling, Ruminot et al. (2011) have demonstrated that alkaline transients in astrocytes are sufficient to accelerate glycolysis and lactate production (Bittner et al., 2011) , which is subsequently transported via the lactate shuttle to neurons. In conjunction with our observations, this would suggest that rapid, activity-dependent alkaline intracellular pH transients could provide a dynamic mechanism for astrocytes to anticipate neuronal demand for metabolic substrates in the face of enhanced network activity . This may be particularly relevant in the context of epileptic seizures where neuronal metabolic demand is markedly increased. Indeed, it is possible that such a mechanism could enable astrocytes to help maintain epileptiform activity by ensuring that the energy demands of nearby neurons remain met (Gó mez-Gonzalo et al., 2010).
More generally, our results support the view that the CNS exhibits compartment-specific changes in pH during seizure activity. Intracellular pH changes are largely the result of H ϩ equivalents moving across the cell membrane, which will therefore manifest as pH changes in the extracellular space. Our observations of different seizure-associated pH response kinetics in the two major intracellular compartments, astrocytes and neurons, is consistent with reports of complex pH transients in the extracellular space (Caspers and Speckmann, 1972; Urbanics et al., 1978; Xiong and Stringer, 2000) . Rapid astrocytic alkalinization during seizure activity would be predicted to result in an early extracellular acidification, which would precede or reduce the extracellular alkalosis generated by intraneuronal acidification. Indeed, previous work has observed such an effect in the hippocampus and in a manner that correlates with the maturation of astrocytes (Xiong and Stringer, 2000) . Astrocytic acidification of the extracellular space has long been postulated as a mechanism for modulating network excitability (Deitmer and Rose, 1996; Ransom, 2000; Chesler, 2003) , perhaps through pH-dependent effects on synaptic transmission and/or voltage-gated channels (Tang et al., 1990; Barnes and Bui, 1991; Pasternack et al., 1996) . How more complex extracellular pH transients might modulate synaptic transmission and evolving seizure activity remains an important question for the future.
In summary, our findings support the idea that astrocytes are uniquely positioned to regulate network activity under physiological and pathophysiological conditions. Differences in cell-specific pH regulatory mechanisms mean that during epileptiform activity, astrocytes experience pH changes that are highly distinct from nearby neurons, both in terms of their direction and temporal kinetics. This work adds further impetus to examine the role of astrocytes in controlling the spread of epileptiform activity (Gó mez-Gonzalo et al., 2010; Bedner et al., 2015) .
